Sepsis is a major cause for death worldwide. Numerous interventional trials with agents neutralizing single proinflammatory mediators have failed to improve survival in sepsis and aseptic systemic inflammatory response syndromes. This failure could be explained by the widespread gene expression dysregulation known as "genomic storm" in these patients. A multifunctional polyspecific therapeutic agent might be needed to thwart the effects of this storm. Licensed pooled intravenous immunoglobulin preparations seemed to be a promising candidate, but they have also failed in their present form to prevent sepsis-related death. We report here the protective effect of a single dose of intravenous immunoglobulin preparations with additionally enhanced polyspecificity in three models of sepsis and aseptic systemic inflammation. The modification of the pooled immunoglobulin G molecules by exposure to ferrous ions resulted in their newly acquired ability to bind some proinflammatory molecules, complement components and endogenous "danger" signals. The improved survival in endotoxemia was associated with serum levels of proinflammatory cytokines, diminished complement consumption and normalization of the coagulation time. We suggest that intravenous immunoglobulin preparations with additionally enhanced polyspecificity have a clinical potential in sepsis and related systemic inflammatory syndromes. online address: http://www.molmed.org
aimed to target individual mediators of inflammation were used, has been hard to explain so far (1, 2, 4, 5) .
A recent study found significant changes of expression patterns of >80% of human genes (called "genomic storm") in trauma patients and bacterial lipopolysaccharide (LPS)-injected volunteers with severe inflammatory response syndrome (SIRS) (6) . This genomic storm could well explain the discouraging results from the efforts to treat severe generalized inflammatory syndromes by neutralizing a single proinflammatory mediator. Targeting only one or very few components in a system-wide network disturbance may not successfully exert control. A multifunctional therapeutic agent may be paralysis (1) (2) (3) . Despite adequate antibiotic therapy and the use of sophisticated life-supporting measures, the prognosis of patients with this syndrome has only marginally improved in recent years. This frustrating lack of progress, especially when novel experimental treatments iNTroDuCTioN Sepsis remains a leading cause of death in intensive care units. It is the result of a severe and uncontrolled activation of inflammatory and coagulation pathways in response to infection, accompanied by a variable degree of immune intravenous immunoglobulin with enhanced Polyspecificity improves survival in experimental sepsis and aseptic systemic inflammatory response syndromes experimental sepsis models
All survival experiments were performed using ICR mice in groups of 12 animals each. Endotoxemia was induced by the intraperitoneal injection of 10 mg/kg E. coli LPS (B 055:B5, #L2880, Sigma-Aldrich). CLP was performed as des cribed in the literature (19) . Briefly, the mice were anesthetized intraperitoneally with ketamine (80 mg/kg) and xylazine (10 mg/kg), a 1.5-cm-long laparotomic incision was made and the cecum was ligated at 2/3 of its length and punctured once by a sterile 21G needle. The puncture was confirmed by a delicate pressing, and the abdomen was closed by suture. No antibiotics or fluids were administered. Multiple organ dysfunction was induced by the intraperitoneal injection of 500 mg/kg zymosan (Sigma-Aldrich) (20) . The dose of the LPS or zymosan was adjusted to cause 80-100% mortality in the control animals, treated with PBS only.
modified Pooled Therapeutic Human immunoglobulins
The intravenous immunoglobulin preparations Endobulin S/D (Baxter) and a special maltose-and albumin-free batch of Immunovenin-intact (BulBio; provided by Julia Nacheva) were used in the experi ments. Both preparations are called "native," since they are produced without using a fractionation step at acid pH (12) . The pooled immunoglobulins were exposed to freshly prepared ferrous sulfate solution (1 mmol/L final concentration) for 2 h at 4°C and then dialyzed against phosphate-buffered saline (PBS) (pH 7.4) for at least 48 h as previously described (15) . In a separate experiment, the ferrous ion-modified IVIg was dialyzed against 4 mmol/L ethylenediaminetetraacetic acid (EDTA) in PBS and then against PBS.
Treatment schedules
A single dose of the native, the modified IVIg preparations or PBS alone was injected intravenously (i.v.) 10 min before the administration of LPS or zymosan or at the beginning of CLP procedure. In all experiments, survival was observed daily for 7 d.
to have an anti inflammatory activity in an experimental diabetes model (14) . On the basis of these preliminary data, we have hypothesized that the passive immunotherapy with pooled immunoglobulin preparations with additionally enhanced polyspecificity could neutralize some of the products of the genomic storm and thus should be beneficial in systemic inflam matory syndromes, regardless of their primary insult. Three models of systemic inflammation in the presence or absence of infection were used to check this hypothesis: induced by LPS, induced by zymosan and induced by cecal ligation and puncture (CLP). Although the infusion of native IVIg had no effect on survival, the administration of the same single dose of the Fe(II)-exposed IVIg significantly improved the survival of mice in all three models. The studies of the mechanisms of beneficial action of the latter preparation revealed its ability to bind to proinflammatory molecules, complement components and extracellular histones.
maTerials aND meTHoDs mice
Outbred female ICR mice (8-12 wks old, 18-22 g) were purchased from the Breeding Farm of the Bulgarian Academy of Sciences and kept in a conventional animal facility. C57Bl/6 mice (8-12 wks old, 18-22 g) were from Charles River Laboratories. The latter animals were housed under specific pathogen-free conditions, six per cage, with ad libitum access to food and water and maintained in a temperature-controlled environment. The animals were allowed to adapt to laboratory conditions for 3 d. The experimental protocols were approved by the Animal Care Commission of the Institute of Microbiology and the Thuringian State Office for Consumer Protection and Food Safety in accordance with National and European Regulations.
Blood (0.05 mL/mouse) was collected from the retro-orbital sinus by a Pasteur pipette after a local anesthesia with 0.5% tetracaine hydrochloride and let to clot at +4°C. Sera samples were aliquoted and stored at -80°C. needed instead. Passive immunotherapy with pooled immunoglobulin preparations (administered as intravenous immunoglobulin [IVIg] ) is a logical choice, since they contain a vast array of antibody specificities, some of which could well affect key products of the genomic storm. In addition to anti bodies that neutralize pathogens and their virulence factors, IVIg has diverse immunomodulatory and antiinflammatory activities (7) . The latter are mediated through versatile interactions with receptors on immune cells, components of the complement system, cytokines, and so on. The outcome is downregulation of T-and B-lymphocyte activity and dendritic cell functions and modulation of the cytokine network (rev. in 7, 8) . The results from numerous clinical trials, using IVIg infusions as adjunctive therapy in sepsis patients have been, however, inconclusive (3, (9) (10) (11) .
All commercially available IVIg preparations are generally believed to have identical biological and therapeutic pro perties. This scenario may not be the case, since the licensed therapeutic immunoglobulins, produced using a fractionation step at pH 4.0, have been shown to possess an increased potential to bind to self-antigens (12) . Importantly, this increased reactivity to antigens correlates with different functional acti vity of immu noglobulin preparation (13, 14) . Thus, the administration of the acid pH-treated IVIg, but not of the same unmodified preparation, significantly decreased mortality in animals with endotoxemia (12, 13) . Previous studies by our group and others have proven that, in addition to low pH buffers, the exposure to a number of other substances (for example, ferrous ions, heme, reactive oxygen species, and so on) also increases the antigen-binding polyspecificity of some IgG molecules (5, (15) (16) (17) . IVIg modified by Fe(II) exposure could bind to the human proinflammatory cytokine interferon (IFN)-γ and could improve survival in mice injected intravenously with 5 × 10 8 live Escherichia coli or intraperitoneally with bacterial LPS (15, 18) . Infusions of ferrous ion-modified IVIg were also shown dilutions of the respective cytokines and incubated for 1 h at 37°C following the manufacturer's protocol. The presence of antibodies to mouse IFN-γ, human monokine induced by gamma interferon (human MIG), high mobility group box 1 (HMGB1) (HMGBiotech), recombinant human heat shock proteins (HSP 60 and HSP 70; Enzo Life Sciences) and human histones H3 and H4 (Roche Diagnostics) were tested with ELISA. Plates (Nunc MaxiSorp) were coated with 2 μg/mL of the respective antigens in 0.1 mol/L carbonate buffer and incubated overnight at 4°C. After blocking and washing, the plates were incubated for 2 h at room temperature with increasing concen trations of the immunoglobulin prepa rations under study. The plates were then extensively washed, and goat anti-human IgG antibody coupled to alkaline phosphatase was added and incubated for 1 h at room temperature. Immunoreactivities were revealed with p-nitrophenyl phosphate (Sigma-Aldrich), and the optical density (OD) values were read at OD = 405 nm.
statistical analysis
All statistical analyses were performed by using the GraphPad Prism 4 software and the R software (v.3.0.2). Data were expressed as mean ± standard deviation (SD). Differences in survival curves were compared by using the Mantel-Haenszel test. For other data, the differences in the mean values between groups were analyzed with the two-tailed Student t test. Differences were considered significant when p < 0.05. Pearson correlation coefficient was used to compare gene expression profiles in different organs.
All supplementary materials are available online at www.molmed.org.
resulTs

Protective effect of Ferrous ion-modified ivig in sepsis and aseptic sirs
The intravenous administration of a single dose of 50 mg/kg of the Fe(II) ion-modified IVIg significantly decreased the mortality of animals with
The ability of modified IVIg to interfere with the binding of human C1q to its ligands was analyzed by ELISA. C-reactive protein (CRP) (Calbiochem) or human IgG 1 were coated to the plates at a concentration of 10 μg/mL, and the wells were blocked with 2% BSA. IVIg (at 10 mg/mL) was preexposed to ferrous ions (0, 0.5 and 1 mmol/L) and was mixed at 1.5 mg/mL in the wells of a second plate with increasing concentrations of C1q (seven serial dilutions starting from 10 μg/mL). The mixtures were transferred to the CRP-and human IgG 1 -coated plates. After incubation for 1 h at 37°C and extensive washing, anti-C1q biotin-conjugated antibody ( purified from goat anti-C1q antiserum from Quidel and biotinylated in-house) was added in a 1:500 dilution. Finally, streptavidin-HRP was added (from DAKO; diluted 1:1,000) for 30 min. After washing, TMB substrate was used, the reaction was stopped with 2 mol/L sulfuric acid and the optical density was read at 450 nm.
Coagulation and organ Dysfunction Tests
Coagulation time was measured as previously described (21) . Animals were bled 4 h after the injection of LPS, and the plasma concentrations of bilirubin and creatinine were measured by commercially available kits (from DIALAB).
Detection of antibodies to Cytokines and endogenous molecules in the immunoglobulin Preparations
The BioPlex Cytokine Assay (Bio-Rad) was used to detect antibodies to human IL-1Ra, IL-6, IL-8, IL-10, IL-15, TNF, granulocyte colony-stimulating factor (G-CSF), IFN-γ, interferon gamma-induced protein 10 (IP-10), regulated on activation, normal T cell expressed and secreted (RANTES), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1-alpha (MIP-1α) and MIP-1β in (a) the native IVIg, (b) Fe(II)-exposed IVIg and (c) pooled human IgM (provided by Biotest AG). A human IgG1 monoclonal antibody was used as a control (22) . The immunoglobulin preparations were added (at a concentration of 200 μg/mL) to serial In a separate experiment, groups of animals were treated i.v. with 50 mg/kg of the native or Fe(II)-exposed IVIg at different time points: minutes before, 1 h after or 4 h after LPS injection.
Determination of serum levels of Cytokines
The levels of tumor necrosis factor (TNF)-α, IFN-γ, IL-6, IL-10 and IL-22 in the sera obtained 4, 24 and 48 h after LPS injection were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits (PeproTech EC).
The mouse inflammation antibody array kit (RayBiotech) was used to evaluate semiquantitatively the levels of 40 inflammation-related molecules. Briefly, membranes spotted with 40 capture anti bodies were blocked with the manu facturer's bovine serum albumin (BSA) buffer and incubated with the studied serum samples for 2 h at room temperature. After washing, a cocktail of biotinylated anti-cytokine antibodies was incubated with membranes for 2 h at room temperature. Membranes were then washed, incubated with HRP-conjugated streptavidin for 2 h, washed and exposed to the enhanced chemoluminescence (ECL) peroxidase substrate for 2 min. Next, the membranes were drained and exposed for 20 s to X-ray film (Kodak X-Omat AR film). The gray color intensity of the spots was quantified by densitometry and analyzed by using the Image-Tool v2.0 for Windows software package (UTHSCSA).
measurement of Plasma C3 levels
The C3 levels in plasma were measured at 4, 24 and 48 h after LPS administration using the Mouse C3 ELISA Kit (GenWay Biotech).
Binding of modified ivig to the C1q Complement Component and Biological activity assays
Increasing concentrations of native and ferrous ion-modified IVIg were added to the wells of a plate coated with human C1q (Calbiochem, Merck). Bound IgG was detected using anti-human IgG-HRP (Fc-specific, Southern Biotech) and o-phenylenediamine (OPD) substrate. unfiltered unsupervised approach. Unique responses to Fe(II)-exposed IVIg were observed in all organs but were most pronounced in the liver, supported by a weaker correlation-Pearson correlation coefficient r [IVIg versus Fe(II)-exposed IVIg] = 0.83 in kidney and r = 0.45 in liver. Although, several differentially expressed genes (DEG) could be identified, they did not constitute an easily interpretable pattern of signaling pathways (Supplementary Figure S2) . Figure S3) , indicating that the beneficial effect of modified IVIg was due to its interactions with host defense mechanisms rather than to a direct neutralization of LPS. The observed beneficial effect on survival suggests that the levels of proinflammatory molecules might be influenced by the treatment. Indeed, plasma levels of TNF-α, IL-6 and IFN-γ were significantly reduced in ani mals injected with modified IVIg (Figure 2A ). In contrast, the levels of IL-10 and IL-22 were significantly elevated. A semiquantitative dot-blot protein array technique allowed the analysis of a larger panel of inflammation-related molecules. Significantly lower levels of IL-6, LIX (CXCL5), IL-12p70 and MIP-1γ (CCL9) were detected after treatment with the IVIg with increased polyspecificity ( Figures 2B, C) .
Treatment with ivig with enhanced
effect of Ferrous ion-modified ivig on the Complement system, Coagulation and organ Dysfunction of mice with lPs-induced sirs Complement activation and the release of anaphylatoxins play an important role in the pathogenesis of sepsis (23, 24) . The levels of C3 complement component in the circulation mirror the severity of ongoing inflammation. The LPS injection resulted in a sharp and prolonged drop in C3 levels, and the administration of 1 h post-LPS injection still had a protective effect, whereas the treatment delayed for 4 h failed to improve the survival ( Figure 1B) . The iron content of IVIg increased after the Fe(II) treatment from 0.028 to 7.2 mg/g IgG (Supplementary  Table S1 ). Nevertheless, the beneficial effect of the preparation was still present, even upon dialysis against EDTA, which decreased the iron concentration ( Figure 1C ).
Gene expression analysis
Microarray data of organ samples from Fe(II)-exposed IVIg-treated endotoxemic mice were clustered by an endotoxemia ( Figure 1A, left panel) . The same treatment (at a dose of 250 mg/kg) was protective in zymosan-induced SIRS and in polymicrobial CLP sepsis ( Figure 1A , middle and right panels). The survival curves of all animals in the experimental series are shown on Supplementary Figure S1 . The native immunoglobulin preparation, regardless of the dose used, had no effect, thus confirming results from numerous clinical trials.
The mechanisms of protective activity of IVIg with enhanced polyspecificity in endotoxemia were studied in more details. The infusion of the modified IVIg in the group treated with the modified IVIg, as assessed by the capacity of ferrous ion-modified IVIg to decrease the LPS-induced elevation of serum bilirubin levels ( Figure 3F ). Creatinine levels at the same early time point were not affected.
Fe(ii)-modified ivig acquires additional Polyspecificity That includes the ability to Bind Proinflammatory mediators and endogenous "Danger" molecules
The exposure of therapeutic IVIg to increasing concentrations of ferrous ions results in its ability to bind to a significantly inhibited C1q binding to CRP ( Figure 3C) . Interestingly, the modified immunoglobulin preparation bound to C3a, but not to C5a anaphylatoxins ( Figure 3D ).
Systemic inflammation in sepsis is accompanied by an overactivation of the coagulation cascade and results in disseminated clots in small blood vessels, contributing to organ failure. A single infusion of ferrous ion-modified IVIg to endotoxemic mice normalized the blood clotting time ( Figure 3E ). This result could well explain the observation that liver injury was significantly ameliorated the native IVIg did not significantly affect this level. Interestingly, the infusion of the same single dose of the IVIg with enhanced polyspecificity led to a significantly diminished consumption of C3 ( Figure 3A) . We analyzed in more detail the interaction of the immunoglobulin pre parations with human complement components. The binding of the pooled human IgG to the C1q component was enhanced after its exposure to ferrous ions ( Figure 3B ). Whereas the preincubation of C1q with Fe(II)-exposed IVIg did not affect the interaction of the latter with immobilized IgG1 (not shown), it improved survival in animals with experimental sepsis and aseptic SIRS. The same immunoglobulin preparations were not protective in their native form. The improved survival was accompanied by lower serum levels of proinflammatory cytokines, normalization of the coagulation time, diminished consumption of C3 complement component and attenuated organ injury or dysfunction. These multimodal effects strongly suggest that the ferrous-exposed IVIg has acquired novel biological properties. Pooled IVIgs are highly polyspecific therapeutic preparations. Previous studies indicate that the exposure of IVIg to Fe(II)-ions or ROS, released in inflammation sites, further amplifies this polyspecificity (15) .
IVIg is known to suppress the harmful effects of activated complement cascade components by preventing their binding to the respective receptors (26) . In the fluid phase, IVIg with enhanced polyspecificity did not perturb the capacity of C1q to recognize IgG immune complexes. The latter is in agreement with previous studies showing that, even at high doses, IVIg does not alter C1q binding and complements activation on sensitized sheep erythrocytes used as a model of cell-bound immune complexes (27) . Therefore, the administration of Fe(II) ion-modified IVIg will not affect C1q functions during the early phase of defense against pathogens. Moreover, C1q binds better to the surface immobilized Fe(II) ion-modified IVIg (as a model of immune complex) than to the native IVIg, suggesting that the modified preparation could be more effective in opsonizing invading bacteria. When allowed to interact in a fluid phase with C1q, Fe(II) ion-exposed IVIg inhibited the binding of C1q to surface-bound CRP, suggesting that attenuation of the complement activation on damaged host cells or on bacteria could result. Because CRP levels are increased up to 50-fold in sepsis (28) , the inhibition of its effector functions may be beneficial by reducing the ongoing inflammation. In our experiments, the Fe(II) ion-modified IVIg also showed enhanced binding to C3a histone 4) reported to possess a toxic effect on endothelial cells in sepsis (25) , as well as to heat shock proteins, were also present in the modified preparation (Table 1 and Supplementary Figure S5) .
DisCussioN
Passive immunotherapy with commercially available therapeutic IVIg exposed in vitro to a low concentration of prooxidative ferrous ions significantly broader number of antigens in a human umbilical vein endothelial cell (HUVEC) lysate (Supplementary Figure S4) . In addition, anti-human IP-10, IFN-γ, anti-MIG and anti-HMGBox1 reactivities were observed in Fe(II)-exposed IVIg by using a BioPlex assay or ELISA, whereas native IVIg and pooled IgM preparations had no detectable antibodies to the studied cytokines. Antibodies to endogenous "danger" molecules (free histone 3 and The exposure of IVIg to increasing concentrations of ferrous ions results in an enhanced binding to the C3a, but not the C5a component. Anti-C3a and anti-C5a reactivity was compared by ELISA in IVIg, exposed to increasing concentrations of ferrous ions. (E) Endotoxemia was induced to ICR mice by the intraperitoneal injection of 10 mg/kg E. coli LPS. A control group was treated i.v. with PBS (n = 10, light gray bars), a group was treated with 50 mg/kg native IVIg (n = 10, dark gray bars) and another was treated with 50 mg/kg Fe(II)-exposed IVIg (n = 10, black bars). Animals were bled 4 h after the injection of LPS, and coagulation time was measured as previously described (21): *p < 0.05; ***p < 0.001, paired Student t test. (F) Bilirubin serum levels measured 4 h after LPS administration in groups of mice treated with native (n = 10, dark gray bars), Fe(II)-exposed IVIg (n = 10, black bars) or PBS alone (n = 10, light gray bars). *p < 0.05, t test.
The immune-suppressive properties of plasma during sepsis have been discussed extensively before. Diverse factors are currently considered in this context: IL-10, extracellular ubiquitin, circulating CD14, epinephrine and other inducible signals (31) . Such a convergence of different activities toward an antiinflammatory plasma compartment indicates the importance of this principle. It is thus not surprising that the quasi-complete repertoire of circulating natural antibodies can be conditionally recruited to that function, too.
It is counterintuitive that naturally polyspecific IgG antibodies should generally limit or block cytokine activities in the tissues. On the other hand, in vivoinduced polyspecificity would be limited in space (to the site of inflammation) and time (IgG polyspecificity would result in a short half-life [32] and molecules gaining systemic access would be quickly diluted). Thus, its effect would be tightly controlled. It is possible that the in vitro treatment of IVIg with protein-destabilizing agents serendipitously activated this function on a large scale. The thus-modified IVIg would have at a systemic level a buffering effect that has evolved as a local phenomenon. During the event of uncontrolled systemic inflammation (sepsis), this step may be helpful, since it would enhance the inherent antiinflammatory activity of plasma. Our data provide evidence to support this hypothesis, since only the modified, but not the native, IVIg preparation binds to (a) a panel of antigens in a HUVEC lysate, (b) mediators of inflammation (IFN-γ, IP-10/CXCL10, MIG/CXCL9 and HGMB1), (c) the complement components C1q and C3a and (d) the hydrophobic "danger signals" heat shock proteins and the free extracellular histones H3 and H4 (15, 25) ( Figure 3; Supplementary Figures S4, S5) . Importantly, our studies revealed that Fe(II) ion exposure is associated with a considerable increase in the hydrophobicity of the antigen-binding sites of IgG (15) . Because endogenous danger signals frequently have a the untreated septic animals clustered with the IVIg treated; and some, with the modified IVIg. Nevertheless, the experiment showed detectable changes in the gene expression patterns, specific for the modified IVIg. A different setup with larger experimental groups will be necessary to trace these changes of the cascade, ultimately dampening the genomic storm (Supplementary Figure S2) .
The idea that polyspecific natural antibodies may act as a buffering system that prevents brisk changes in the levels of circulating cytokines, hormones, and so on, was proposed 20 years ago (30) .
anaphylatoxin, expected to result in vivo in its rapid neutralization and elimination.
The net beneficial effect of the blunted host response upon administration of IVIg with enhanced polyspecificity was reflected in less organ damage, primarily in kidneys (Supplementary Figure S6) . The transcriptome analysis showed a high variability between the individual animals, suggesting that detection of the differential expression of particular genes might be a transitory phenomenon in highly disordered (chaotic) gene network dynamics, characteristic of the septic state (29) . For instance, some of The microarray data generated in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO) and are accessible through the accession number GSE55964.
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reFereNCes hydrophobic nature, antibody-mediated nonspecific quenching of hydrophobicity may also explain the systemic antiinflammatory effect of modified IVIg (33, 34) .
Furthermore, the elimination of the formed immune complexes by Fc receptor-expressing phagocytes may contribute to the downregulation of the ongoing severe generalized inflammatory reaction.
Although the dependence of the observed therapeutic effect of modified IVIg on lymphocytes and macrophages is compatible with the "immunosomatics" mechanism (30) , an effect, mediated by a particular mononuclear cell population, cannot be ruled out. Innate response activator (IRA) CD19 low CD-5 low CD93 + B cells have been implicated recently in the control of experimental sepsis in mice (35) . Indeed, our recent studies show that, unlike native IVIg, ferrous ion-modified IVIg induced in the LPS-injected mice had higher levels of IRA B cells, and the beneficial effect of the treatment on survival correlated with this increase (36) .
CoNClusioN
This work contains evidence that pleiotropic therapeutic approaches offer a viable strategy for treatment of sepsis and aseptic SIRS. Apart from the mechanistic explanation, the pleiotropy principle also justifies the use of mouse models, despite the controversy on differences in transcriptome profiles in humans and mice with severe inflammatory syndromes (37, 38) .
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